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Driver factorsThe use of a driving simulator in the development of human–machine-interfaces (HMI) such as a navigation,
information or entertainment system is discussed. Such use addresses the need to study and evaluate the
characteristics of a candidate HMI early in the R&D and design stage to ensure that it is likely to meet various
objectives and requirements, and to revise the HMI as may be necessary. Those HMI requirements include
such things as usability, driver comfort, and an acceptable level of attentional demand in dual task conditions
(driving while using an HMI). Typically, such an HMI involves an information display to the driver, and a
means for driver input to the HMI. Corresponding simulator requirements are discussed, along with typical
simulator features and components. The latter include a cab, control feel systems, visual image generator,
real time scenario control (task deﬁnitions), a motion system (if provided), and data acquisition. Both ﬁxed
and moving base systems are described, together with associated beneﬁts and tradeoffs. Considerations in
the design of the evaluation experiment are discussed, including deﬁnition of primary and secondary tasks,
and number of driver subjects (experimental participants). Possible response and performance measures for
the primary and secondary tasks are noted, together with subjective measures such as task difﬁculty and
ease of using the HMI. The advantages of using a driving simulator to support R&D are summarized. Some
typical and example simulator uses are noted.
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Recently, information and communication technology (ICT)
devices have been widely installed in new vehicles, and the trend
continues. Typically, such a device includes a human–machine-
interface (HMI) to accommodate interaction between driver and
device. This interaction may involve visual, audio, or tactile input
(display) to the driver; and provide for driver output that is usually
either manual or voice (speaking). Because such interfaces involve a
human driver with all of the driver's possible complexity and
variability, an experimental approach using a driving simulator to
developing and assessing an HMI can be very useful.
This paper describes the use of a driving simulator in HMI
development. It is aimed at HMI designers and developers who are
potential simulator users, and it is not a paper on driving simulator
technology per se. Typical driving simulator characteristics are
discussed, including various levels of visual and motion system
capability and related tradeoffs. Experimental features involved in the
experimental assessment of an HMI are noted. Possible limitations and
artifacts of simulator use are discussed, also. Some recent examples ofssociation of Trafﬁc and Safety Sciethe use of a driving simulator to support HMI development are
described.
2. Historical background
While a number of driving simulators are currently used by
automobile manufacturers, worldwide, to support R&D and for HMI
studies, that is only a relatively recent development. There were a
number of relatively unsuccessful simulator development efforts in
the past. The recent improvements in the driving simulator area have
been mainly a result of the remarkable advances in computing power
and speed, including animated graphics, and software to support real
time animation; as well as improved projection systems, and a better
understanding of overall simulator system architecture and harmo-
nization of the functional elements (visual, motion, audio, etc.).
The development and use of driving simulators has a history going
back to at least the mid 1960s. Representative historical examples
include early devices at UCLA, GM Styling Staff, Cornell Aero Labs, and
Volkswagen (e.g., Refs. [1–3]), among others were exploratory but
largely unsuited to supporting vehicle R&D. In the 1970s and early
1980s improved versions at the Road and Trafﬁc Research Institute
(VTI) in Sweden (Refs. [4] and [5]), at VPI under Wierwille (Ref. [6]),
at the Institute for Perception (IZF-TNO) in the Netherlands, at FAT in
Germany, and the HYSIM at FHWA (Ref. [7]), to name some of thences. Published by Elsevier Ltd. All rights reserved.
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but again had only limited application to vehicle and HMI design and
development.
In the 1980s and 1990s the current generation of driving
simulators began to emerge, with mid- to high-level installations at
Daimler Benz in Berlin (Refs. [8–10]) further improvements to the VTI
simulator in Sweden (Ref. [11]) and the DRI driving simulator (see Ref.
[12], and as described subsequently). These devices were sufﬁciently
good and versatile that they could effectively support both vehicle R&D
and driver behavior studies. In the later 1990s, NHTSA in the USA
sponsored thedevelopmentof theNational AdvancedDriving Simulator
(NADS) which has a variety of possible applications, including vehicle
R&D, and is intended to be “world class” (Refs. [13,14]).
In that period, a number of other car manufacturers and other
organizations were establishing driving simulators, as well, to support
vehicle R&D (e.g., see Ref. [15]), but these were typically limited by
the lack of motion capability, the lack of sophisticated image
generation, the presence of simulator sickness, and the lack of high
ﬁdelity steering feel characteristics.
Most recently, a number of the major car companies and others
have developed more elaborate and sophisticated driving simulators
with high ﬁdelity image generation, extensive motion capability, and
good quality control loaders. Some examples include the upgraded
simulators at Daimler Benz (Ref. [16]), Vertex at Ford (Ref. [17]), BMW
(Ref. [18]), Toyota (Ref. [19]), TNO (Ref. [20]), and the current version
of the DRI simulator. Several others are in development. While these
most recent simulators can be applied to the study of a wide range of
driver behaviour issues, they are well suited to the study of HMI's, and
to the evaluation and development of ITC devices.
3. HMI development and assessment
From a human factors standpoint, the process of HMI development
should include consideration of
– Attentional workload when the driver is using the HMI while
driving
– Usability of the HMI
– Driver comfort in dual task operation
The user characteristics of the HMI need to be evaluated early in
the design stage, so that the fundamental properties of the HMI can be
changed, if necessary, in order to meet various requirements.
One element of the HMI includes the display and information
being provided to the driver. This can be a
– Visual display, which is most typical
– Audio or voice input, perhaps duplicating or in addition to the
visual display
– Tactile, usually via ﬁngers or hands
The driver input to (and response to) the HMI is the other main
element. This can be
– Manual, usually touch or ﬁnger pressing
– Voice
All of these conditions and interfaces can be represented in a
simulator for purposes of evaluation.
The overall purpose of a driving simulator is to study driver
behaviour. This can include driver interaction with the simulated
vehicle (steering, braking, etc.), driver interaction with an in-vehicle
system such as an HMI, or interaction of the driver–vehicle system
with the roadway and trafﬁc environment. If the goal is to study the
vehicle dynamics or the properties of an in-vehicle device, alone and
without the driver's interaction, a driving simulator is not needed.Similarly, at the edge of the vehicle's performance envelope involving
limit turning (lateral acceleration) or braking, operation of an actual
vehicle on a proving ground may be needed. Generally, a simulator
can provide for evaluations in the development area between
analysis-only on the one hand, and operation of an actual vehicle.
In general, the purpose of an HMI evaluation in a simulator is to
study driver behaviour as a function of one or more of 3 main system
elements. The system elements or components are
– Driver-centered variables
– Vehicle or in-vehicle system variables
– Roadway, trafﬁc, situational and environmental variables.
These elements need to be controlled for and taken into account in
the experimental design and data interpretation and evaluation.
The driver-centered variables include such things as driver
demographics including age, gender, driving experience, and type or
model of vehicle driven. Driver-centered variables also include factors
related to the driver's immediate state including fatigue, effect of
alcohol and drugs, and other physiological and psychological stressors.
Vehicle variables include the vehicle dynamics, including its
dynamic response to steering, braking, and accelerator pedal inputs.
These reﬂect the vehicle's handling qualities. The simulator's control
loaders provide the control feel characteristics as one part of the
dynamic response. Dynamic augmentation systems such as power
steering and active steering assist, smart braking, and adaptive
transmission characteristics can also be included in the simulated
vehicle dynamics, to the extent that they relate to or inﬂuence the
character of the HMI or its assessment.
Roadway and environmental variables are represented mainly in
the visual graphic scene, complemented by the audio display in the
simulator. These variables include the roadway geometry, signs, and
roadway markings and delineation. The trafﬁc controls such as trafﬁc
lights can be actively and interactively controlled by the scenario
control software. Roadway variables also include roadside structures
such as buildings, guardrails, and surrounding terrain. The simulation
of other vehicles and trafﬁc, both autonomous and interacting with
the subject vehicle can be important, and this is typically accom-
plished by the scenario control software, also. Weather factors such as
rain or fog can be represented by the visual display, and low roadway
mu conditions (such as snow or ice) can be represented with a
combination of the visual display and changes to the parameters in
the vehicle dynamics model.
In-vehicle HMIs are generally information and communication
devices, or relate to active driver assist systems including control
augmentation and warnings. Example HMI-related devices and
systems that have been or can be represented and studied for R&D
purposes and evaluation include such things as:
– Active control systems such as ESC, TCS, 4WS, steer by wire, and
augmented steering systems; in directional and/or longitudinal
control tasks
– ITS and AHS-related devices, such as:
– Navigation and route guidance
– Advanced traveller information systems
– Run off road collision avoidance
– Side collision avoidance
– Rear collision avoidance
– Intersection collision avoidance
– Adaptive cruise control
– Automatic car following and platooning
– Other driver assistance devices, including system alerting,
warnings and failure characteristics
– Comfort, entertainment, telematics, driver support
– Radio, cassette, CD player, etc.
– Cellular phone, fax, other communication system
Fig. 1. DRI Simulator with Automobile Cab.
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– Other information system
– Heating, ventilation, air conditioning (HVAC)
– Monitoring driver alertness
– Controls and displays
– Steering
– Pedals
– Stalks
– Knobs, etc.
– Instruments
– Warning lights, messages
– Heads up displays
– Seating and driver's physical environment
– Seat
– Armrest
– Crash protection systems adjacent to the driver
For R&D studies and evaluations of devices and component
systems, existing research grade simulators have few limitations.
Unlike studies addressing the complete vehicle, in many HMI
evaluations high ﬁdelity vehicle dynamic properties and large
amplitude limit maneuvers are not important considerations. Nom-
inal conditions and generic vehicle properties are often sufﬁcient,
since the device or the system is the object of the evaluation and
development effort.
Similarly, the driver is usually assumed to be typical, or rep-
resentative of a user of the type of vehicle and in-vehicle device of
interest. For example, a complex audio entertainment system might
be installed in a vehicle that appeals to young male drivers, and such
drivers might be suitably represented in the evaluation.
The simulated roadway and trafﬁc environment should be one that
provides features pertinent to the operation and use of the HMI. For an
entertainment system this might simply involve providing a suitable
primary driving task. For an active crash avoidance system, on the
other hand, suitable trafﬁc situations (and perhaps obstacles) need
to be provided to exercise the features of the device and the
corresponding driver–device interaction.
4. DRI simulator characteristics
As noted, there are a number of research grade driving simulators
in use within the vehicle manufacturers and other applied research
organizations. The moving base Driving Simulator at Dynamic
Research, Inc. (DRI) is a typical example, and its main elements can
be listed as follows:
– Visual image generator
– Hexapod motion platform
– Cabs
– Dynamic seat
– Real time operating system and I/O processor, and scenario control
– Vehicle dynamics models and parameters
– Roadway databases
– Interface provisions for hardware-in-the-loop
– Simulator operation and data acquisition software
The simulator with an automobile cab mounted is shown in Fig. 1.
Pertinent details are discussed below.
The visual image generator has the following features:
– 3 channel, 180° forward view
– Rear views mirrors, typically represented by small monitors
– Linux PC graphics computer
– 3 BARCO Graphics 909 projectors
– Multigen and Open Scene Graph software for roadway graphics
scene rendering and animation– Typical screen resolution is approximately 3′. High resolution
center inset: 1.5′
– Typical frame rate: 75 frame/s
– Throughput time delay: approximately 65 ms
The graphics computers provide signiﬁcant texture mapping
capability useful for rendering the roadway, roadside objects, and
other vehicles.
The motion platform contains the cab, projectors and mounts,
and screens. It is an electrohydraulically actuated hexapod with the
following approximate characteristics:
– Payload; platform, cab, projectors: 4000 kg
– Translational limits (3 axes):
– Motion: 1.2 m
– Acceleration: 0.5 g
– Rotational limits:
– Angle: 25°
– Velocity: 20°/s
– Acceleration: 30°/s2
– Large amplitude motion bandwidth: 1.5 Hz
Included in the cab is a dynamic seat which extends the bandwidth
for small motions and vibrations to about 25 Hz. The secondary seat
motion has 4 DOF: vertical, pitch, roll, and longitudinal. The dynamic
seat provides the capability to perform studies of ride quality, comfort
and other NVH issues. This seat vibration feature also enhances the
ride quality aspects and realism of the simulator, in general.
The primary cabs for most studies have been automobile-based.
An electro-mechanical steering loader provides realistic steering feel.
It is adjustable to represent a wide range of steering characteristics
and nonlinearities. Brake and accelerator pedal feel systems are also
provided.
Amotorcycle cab is also available as shown in Fig. 2. This cab has an
additional longitudinal roll axis under the rider's seat and through the
vehicle c.g., which provides for the motorcycle roll angle relative to
the roadway during turns and maneuvers. Suitable steering loader
and feel characteristic, and vehicle dynamics model, are provided. The
resulting motorcycle simulator is highly realistic and ﬁdelic.
The sound generating audio system provides high quality engine,
drive train, and road noise. It also incorporates a 3-D sound space
where localized and moving sound sources can be created. Bass
shakers are mounted on the cab ﬂoor, to provide noise and vibration.
Fig. 2. DRI Simulator with Motorcycle Cab.
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selected and used based on the driving tasks and maneuvers to be
simulated. The vehicle equations solution time and associated I/O
processing step size is typically about 2 ms.
Provision for hardware-in-the-loop means that a component of an
actual system, such as an electronic control unit (ECU) can be included
in the simulator via an interface, rather than simulating that
component with a mathematical model. This is particularly useful in
an HMI evaluation early in the R&D stage when only a prototype may
be available.
A variety of experimental measures are available as data to the
engineering team using the simulator, and these include:
– Own vehicle position and motion
– Positions and motions of other simulated vehicles and trafﬁc
– Driver control actions
– Driver physiological measures
– Driver subjective ratings
– Roadway scene archive
– On-line data displays
The data are available either on-line or via post-processing.
This simulator was originally developed and placed in service at
DRI in the mid 1990 s (e.g., Ref. [12]). It has since had periodic (every
few years) upgrades to the visual (projection) systems and the
computers. The software and graphics databases also undergo
continuous evolution and development.
5. Motion system requirements and considerations
As described above, typical research grade simulators feature a 6
DOF hexapod. Somemore recent and higher level simulators include a
yaw table, and some have 1 or more translational degrees of freedom
((usually under the hexapod). This motion is generally intended to
try and create a kinesthetic cue environment for the driver that
corresponds to the displayed visual cue environment. The motion can
also enhance realism in terms of roadway roughness, bump
encounters, vehicle-centered vibrations, etc.
The typical motion systems provide short term high frequency
transient (rotational and translational) accelerations to simulate
“onset cues” for maneuvers and other path following actions. These
are necessarily short duration, and the duration depends on the travel.
Platform roll and pitch motions are used to simulate low frequency
and steady state (e.g., turning) lateral and longitudinal accelerations.
But these motion cues are inherently imperfect, and they have
associated artifacts. A fundamental limitation is the fact that anymotion system has limited travel. The roll acceleration and roll
velocity that accompanies lateral acceleration cueing with roll angle
are undesirable artifacts. Once a motion cue has been provided, it is
necessary to move the cab (and platform) back to its initial neutral
position, and despite the use of a washout, thewashoutmotions result
in undesirable and unrealistic motion cues. The resulting cue artifacts,
together with mismatches between the visual cues and kinesthetic
cues can be one contribution to possible driver disorientation and
simulator sickness.
So, motion cues are not a panacea. They can be beneﬁcial, but one
does not obtain a beneﬁt without an associated cost. In designing and
planning an experiment it is a good idea to carefully consider the
driving tasks and maneuvers that are to be included in the primary
driving task, particularly with regard to the tasks and maneuvers
needed to evaluate the HMI of interest. In particular, maneuvers
involving large or sustained lateral and longitudinal accelerations
(sharp or sustained turns or braking) should typically not be included
if they are not germane to the evaluation.
In general, in planning and doing a simulator experiment there are
tradeoffs involving cost, convenience, ease of use, simulator avail-
ability, etc. For example, if the motion system is not needed and the
simulator can be used ﬁxed base, this reduces the effort to prepare for
and accomplish the evaluation in several ways. On the other hand, if a
maneuver is important to the use of an HMI, such as a sudden brake
and turn in response to an active collision warning and intervention,
then the available appropriatemotion cueing should be used. In such a
case, the beneﬁt would outweigh the artifacts.
Experience has shown that various driving tasks and maneuvers
can be related to the corresponding motion system requirements and
desirable characteristics. In general, two simulator conﬁgurations can
be considered: ﬁxed base (no motion), and moving base (at least a 6
DOF hexapod or other large amplitude motion). Each conﬁguration
would be assumed to have high quality control loaders (feel systems)
and an otherwise suitably equipped cab. Primary driving tasks and
maneuvers that can be done ﬁxed base include:
– Lane regulation (path following and speed maintenance on a
nominally straight roadway)
– Easy (low g) acceleration and braking tasks
– Gradual turns (such as motorway or gently winding road)
maneuvers
– On-center steering control tasks (with a high quality steering
loader)
Tasks and maneuvers that would likely beneﬁt from using a
motion base simulator include
– Transient steering or braking maneuver with relatively high peak
accelerations
– Steady state turns
– Low speed sharp turns, urban maneuvers
– Other “handling” and maneuver tasks
– Simulation of roadway roughness or roadway bumps.
As can be seen, many HMI development and evaluation studies
can be done using a ﬁxed base simulator, because the primary driving
task is usually an on-center, down-the-road, path following and regu-
lation taskwhich is sufﬁcient to create the desired dual task evaluation
situation.
Since a ﬁxed base simulator is often sufﬁcient for an HMI
evaluation, and because it has associated efﬁciencies and economies,
it is often convenient to have a second, separate ﬁxed base simulator
in a separate arena. This is the case at DRI. Such a second arena setup
can use the same (or replicas of the) visual image generator,
computer, software, dynamic models, databases, etc., as a companion
moving base simulator. It simply lacks the motion base. In any case,
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be important, and they are generally inexpensive (by comparison to a
motion system) and available.
A second arena with a ﬁxed base simulator can have other
advantages. As opposed to a highly modiﬁed and specialized cab
typically used on a moving base platform, a ﬁxed base arena can
usually accommodate an actual vehicle. This could be a production car
or a (conﬁdential) prototype. If there are extra or duplicate cabs
available for the motion base system, the second arena could also be
used to prepare and checkout the cab (and the HMI to be evaluated).
6. Experimental design considerations
As is always the case, the speciﬁc goals or objectives of the study or
evaluation need to be stated at the outset. This will guide the
simulator setup, the experimental plan, and the data acquisition and
analysis. An HMI evaluation involves dual task operation by the driver
consisting of the primary driving task and the use of the HMI or
secondary task, and particular attention must be paid to this aspect.
The primary driving task needs to have some speciﬁed level of
activity, and be pertinent to the HMI. The needed primary task activity
on a straight road can be created by a random appearing low
frequency lateral disturbance such as simulated crosswind gustiness.
It can also be awinding road, but theymay introduce undesirable (and
unnecessary) simulator sickness artifacts. Note that if such a speciﬁed
primary task is not provided, the primary task activity will depend
solely on the driver's skill and attention level, and the resulting
control “noise” may vary from none (straight down the road) to a
large amount of lane wander. This speciﬁed primary task can also
provide a reference baseline (no secondary task).
In addition to the disturbance, elements of the primary task
typically include:
– Routenavigation (thedisplayed roadway, pluspossible instructions)
– Path following
– Speed maintenance (acceleration and braking)
– Response to trafﬁc controls
– Other trafﬁc
– Obstacle detection and avoidance (particularly if related to the
HMI)
– Otherwise, the need to provide representative driving tasks and
scenarios
To represent the HMI, it is typical to provide the
– Display
– Driver interface, means of responding
– HMI functionality; which might be hardware-in-the-loop, or an
interface to a simulator computer and display
Other driver interface and vehicle control features need to be
provided, as described previously.
The secondary task (HMI) conditions to be evaluated need to be
speciﬁed. This includes the speciﬁc tasks, and the desired number of
repetitions of each.
The number of experimental participants (driver subjects to be
used is always an important question. There is no single answer, and it
depends on the circumstances and the purpose of the evaluation. In
general, the more participants the better, but time and budget
considerations usually provide practical limits.
Often, in an R&D context, a preliminary evaluation is being
accomplished. The objective is to assess attentional demand on a dual
task situation, and evaluate suitability and usability in terms of the
next possible design interaction or steps. In such a preliminary
evaluation, usually one (or a few) characteristic of the HMI is being
evaluated, such as various I/O tasks.For an HMI evaluation, a homogeneous group of participants
would likely be used, of similar age and experience, and a group that is
typical of the likely HMI user (customer). Effects of variation in
gender, age, experience with driving or similar HMIs, etc.; would
typically not be included in a preliminary R&D oriented evaluation,
because to do so would require a signiﬁcant increase in the number of
participants (due to the corresponding increase in the number of
experimental factors).
For such a limited in scope preliminary evaluation, as few as 16–20
participants might be used. This is exempliﬁed in recent Standards
and industry guidelines. For example, the recently developed “Lane
Change Test,” ISO 26022 (Ref. [21]) speciﬁes at least 16 participants. A
companion ISO Standard for evaluation using occlusion, ISO 16673
(Ref. [22]) speciﬁes only 10 participants, as does SAE Standard J2364
for occlusion evaluation (Ref. [23]), but the procedure is more limited.
The Automobile Manufacturers Guidelines (Ref. [24]), which speciﬁes
a driving simulator based procedure as one alternative for HMI
evaluation speciﬁes a minimum of 10 subjects. So, numbers on the
order of 16 may represent a suitable value, with 10 being an
acceptable minimum. If the effect of additional driver factors, such
as a wide range in age and driving experience are to be examined
statistically, then the number of participants should increase
correspondingly. Methods such as “power analysis” are available to
help estimate the number of participants that would be needed to
obtain a prescribed level of statistical conﬁdence in the results. The
number of repetitions of a given condition per participant is also a
consideration in such estimates.
As a ﬁnal practical matter, the number of participants placed in the
initial pool should be greater than the number needed in the ﬁnal
database. This can allow for “dropouts” (perhaps 2 or 3 out of 20). It
can also account for the possibility of some participants experiencing
simulator sickness and being unwilling or unable to continue. In DRI's
experience with studies involving HMI evaluations, this sickness rate
has usually been in the range of 8–10%.
Objective and subjective experimental measures are typically
obtained as part of an evaluation. The primary driving task objective
measures typically include:
– Driver control actions (steering, brake, acceleration)
– Lateral and longitudinal accelerations
– Yaw rate, heading angle
– Forward speed
– Lateral lane position
Secondary task (HMI) activity measures typically include:
– Input rate
– Input error rates
– Glance behaviour (for visual tasks)
– Other measure of driver input or attention duration
– Task time
Typically, the effect of attention to the HMI task and activity on the
HMI task can be seen in both the primary and secondary task response
and performance measures.
Subjective measures, including driver ratings, can also be useful in
an HMI evaluation. Example ratings or questionnaire topics for this
dual task condition include:
– Primary driving task difﬁculty
– Secondary (HMI) task difﬁculty
– Ease of using the (HMI) interface
– Preference among alternative HMI conﬁgurations
The particular rating forms and associated questions would
depend on the nature of the HMI.
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In general, a research grade driving simulator can help bridge the
gap in development between simulation and laboratory analysis, on
the one hand, and proving ground tests with actual prototype systems
and vehicles on the other. Simulator studies can be used early in the
R&D stage to speed the development cycle, and help to obtain
desirable HMI characteristics as early as possible. The advantages of a
driving simulator in the support of R&D and evaluation of an HMI can
be summarized as follows, i.e., it provides for:
– The evaluation range of vehicle or device conﬁgurations
– Controlled evaluation conditions
– Repeatable conditions for each driver
– Ease of changing driving tasks in-vehicle or device parameters
– Ease of driver or vehicle response and performance measurements
– Incorporation of hardware-in-the-loop (e.g., a prototype device)
as an alternative to simulating the device
– Experimental efﬁciency and ease of accomplishing evaluation
experiments
– Minimal risk to drivers and project staff
The existing DRI simulator and other similar research grade
simulators, provide these beneﬁts and advantages.
While this paper has focused on the application of a driving
simulator to HMI evaluation, in general, research grade simulators
have a broader range of engineering, scientiﬁc, and evaluation uses.
This includes the following topics and areas:
– Complete vehicle R&D
– Vehicle devices and component systems R&D
– Studies of driver factors and driver behavior
– Studies of driver/vehicle roadway and environment interaction
– Simulator engineering and technology
– Development of vehicle-related standards and regulations
– Product evaluation and interpretation, including activities related
to product litigation and possible recalls
– Marketing-related surveys, voice of the customer
Many of these activities have been addressed in the DRI Driving
Simulator.
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